Exploring the genetic diversity and evolutionary history of plant viruses is critical to understanding their ecology and epidemiology. In this study, maximum-likelihood and population genetics-based methods were used to investigate the population structure, genetic diversity, and sources of genetic variation in field isolates of Tomato spotted wilt virus (TSWV) from peanut in North Carolina and Virginia. Selected regions of the nucleocapsid, movement, and RNA-dependent RNA polymerase genes were amplified and sequenced to identify haplotypes and infer genetic relationships between isolates of TSWV with heuristic methods. The haplotype structure of each locus consisted of 1 or 2 predominant haplotypes and >100 haplotypes represented by a single isolate. No specific haplotypes were associated with geographic area, peanut cultivar, or year of isolation. The population was panmictic at the regional level and high levels of genetic diversity were observed among isolates. There was evidence for positive selection on single amino acids in each gene on a background of predominant purifying selection acting upon each locus. The results of compatibility analyses and the persistence of specific gene sequences in isolates collected over three field seasons suggest that recombination was occurring in the population. Estimates of the population mutation rate suggest that mutation has had a significant effect on the shaping of this population and, together with purifying selection, these forces have been the predominant evolutionary forces influencing the TSWV population in peanut in North Carolina and Virginia.
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Plant viruses are a significant barrier to optimal worldwide crop production and can cause severe economic losses to growers (62) . Tomato spotted wilt virus (TSWV) can infect >1,000 species of plants (40) and has been estimated to cause annual losses of U.S. $1 billion (1) . Disease symptoms such as leaf spotting, stunting, and pod deformation associated with TSWV infection of peanut (Arachis hypogaea L.) have been observed in North Carolina and Virginia for >15 years (21) . Yield losses to TSWV have varied over this period of time and have been significant periodically, making the virus a serious threat to the production of healthy peanut crops. The management of TSWV requires an integrated approach that involves cultural practices (such as planting date and rate of seeding), soil-applied insecticides, and resistant cultivars (13) .
TSWV is a member of the genus Tospovirus that belongs to the family Bunyaviridae and represents the type member of the genus (34) . The virus particle is quasispherical (80 to 120 nm in diameter), with a lipid bilayer envelope that contains surface glycoproteins and a single-stranded RNA tripartite genome (5, 25, 63) . A 2.9-kb segment of the genome (S) encodes for a nonstructural protein (NSs), which is a suppressor of silencing, and the nucleocapsid (N) protein (15, 57) . A 4.8-kb segment of the genome (M) encodes a nonstructural protein (NSm) that facilitates virus cell-to-cell movement and a precursor to the G1 and G2 external glycoproteins (29, 30, 52, 53) . The large 8.9-kb segment of the genome (L) encodes for the RNA-dependent RNA polymerase (RdRp) associated with virus replication (2) .
Using a multilocus approach, Tsompana and colleagues (59) analyzed genes from all three genomic segments to examine the population genetics of TSWV from 10 hosts on a global scale. Results from these pioneering studies suggested that populations of TSWV were differentiated geographically and that positive and purifying selections were acting on the three independent loci. Although the studies of Tsompana et al. (59) provided the first insight into the population genetics of TSWV from multiple hosts on a global scale, questions remained about the population genetics of TSWV sampled from a single host on a local geographic and temporal scale. This critical information could potentially be used to improve disease-management strategies, investigate the interactions between TSWV and host plant defenses, and generate statistical estimates of TSWV population genetics parameters for disease modeling and biological characterization.
The primary objective of this research was to perform a comprehensive assessment of the genetic diversity and structure of populations of TSWV sampled from symptomatic peanut leaflets in a geographic production area encompassing fields in North Carolina and Virginia over 3 years. To better elucidate the evolutionary processes underlying these populations, we examined three regions of the TSWV genome on different genomic segments. Given the propensity for TSWV to generate allelic diversity via mutation, genetic reassortment, or recombination (60), we hypothesized that field populations of TSWV from peanut would exhibit a high level of genetic diversity and have little to no geographic structure. The second objective of this study was to determine the relative contribution of different evolutionary processes to the genetic diversity and structure of field populations of TSWV in peanut on a local geographic scale. Our hypothesis was that mutation and purifying selection would be the major forces shaping localized population structure, consistent with reported trends in global populations (60) , but that recombination would also be a strong factor, based on other plant virus studies (20) .
MATERIALS AND METHODS
Isolates. In total, 196 isolates of TSWV from peanut (A. hypogaea L.) leaves exhibiting typical symptoms (e.g., ring spots, "rusting", stunting, shortened internodes, and tip dieback) were used in this study (Table 1) 16 weeks from arbitrarily chosen symptomatic plants during each year. Each geographic area represented a different population in this study. All leaf samples were transported from the field to the laboratory on ice and were either processed for testing the same day or stored at 4°C overnight. Each leaf sample was tested with either a double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) or Immunostrip (Agdia, Elkhart, IL) to determine the presence of TSWV.
RNA extraction. Total plant RNA was extracted from each leaf sample with either TRIzol Reagent (Invitrogen Corporation, Carlsbad, CA), RNeasy Plant Mini Kit (Qiagen, Valencia, CA) with 1% polyvinyl pyrrolidine in Rneasy lysis buffer (RLT) buffer (49) , or directly from leaf sap-saturated Immunostrips using the RNeasy Plant Mini Kit with 1% polyvinyl pyrrolidine according to the manufacturer's protocol.
Reverse-transcription polymerase chain reaction and sequencing. Extracted RNA from each sample was used as a template for reverse-transcription polymerase chain reaction (RT-PCR) to generate complementary DNA (cDNA) for selected regions of the nucleocapsid (N), movement (NSm), and RdRp genes of TSWV (59) . A 720-bp fragment of the N gene was amplified with the S1976 forward primer using the reverse primer and the method of Law and Moyer (31) . PCR amplification was performed in a total volume of 25 µl with 1× PCR buffer (Promega Corp.), 25 µM MgCl, 2.5 µM dNTPs (Promega Corp.), GoTaq polymerase (Promega Corp.), and 10 µM each forward and reverse primer for each locus with 2.5 µl of cDNA. The cycles were 94°C for 10 min, followed by 40 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, and an extension at 72°C for 10 min. Amplified DNA was subjected to electrophoresis in 1% agarose and visualized with UV transillumination. A 1 kb+ ladder (Promega Corp.) was used to determine size of the amplified product. Amplified products were cleaned with either a QIAquick PCR Purification (Qiagen) or a PerfectPrep PCR Cleanup 96 Kit (Eppendorf, Germany) according to the manufacturer's protocol. Sequencing reactions were performed with 3730 xl DNA Analyzers (Applied Biosystems, Foster City, CA) using Big Dye chemistry (version 3) at the Duke University Institute for Genomic Sciences and Policy DNA Sequencing Facility (Durham, NC). Forward and reverse chromatograms were aligned using Sequencher (version 4.6; Gene Codes Corporation, Ann Arbor, MI) and with visual examination. All sequences for each locus were submitted to GenBank (N accession numbers FJ234451 to FJ234639, NSm accession numbers FJ234640 to FJ234829, and RdRp accession numbers FJ261988 to FJ262170).
Haplotype and site compatibility analyses of cDNA sequences. A suite of nucleotide analysis programs, SNAP Workbench, was used in this study for population genetics analyses of the sequence data (44) . Briefly, the sequences from each separate locus were aligned with ClustalW version 1.7 (58) and collapsed into haplotypes after removing insertions, deletions, and infinite sites violations with SNAP Map (4).
Site compatibility matrices for each locus or population were generated using SNAP Clade (6) on collapsed haplotype data. Compatibility matrices were graphically illustrated using SNAP Matrix (6) and Inkscape version 0.45.1. Matrices were examined for incompatible sites (7, 26) , and these were removed from the dataset using SNAP CladeEx (6) . The removal of incompatible sites is a prerequisite step needed for other analyses used in this study that assume no recombination in the data (3). The data set used for each analysis is indicated below as whole, using all of the sites, or compatible, with incompatible sites removed.
Neutrality and population subdivision. The population mutation rate, theta ( W ), was estimated from the number of segregating sites, s (64) , and k, the average pairwise distance between sequences (54) from individual whole sequences using DnaSP version 4.50 (48) . DnaSP was used to estimate haplotype diversity (Hd) on collapsed whole data (36, 37) . DnaSP was also used to calculate test statistics and P values for individual sequences containing only compatible sites from each locus for Tajima's D (55), Fu and Li's F* and D* without an outgroup (19), Fu's F s (18) , and Wright's F ST , a measure of the proportion of the total genetic variance contained in a subpopulation relative to the total genetic variance. Values can range from 0 to 1.000 and values of F ST >0.05 (5%) suggest a degree of differentiation among populations (67) . The average number of pairwise differences per nonsynonymous site, dN, the average number of pairwise differences per synonymous site, dS, and their ratio, dN/dS ( ), were calculated for each locus using whole data sets, according to the counting method of Yang and Nielsen (70) as implemented in the YN00 program in PAML, version 4 (68). Codon-based analysis of positive selection for each locus was carried out on whole datasets, using the program codeml as implemented in PAML, version 4, with the Bayes empirical Bayes (BEB) approach (71) .
To test for differentiation in the TSWV population, SNAP Map was used to generate files for Seqtomatrix, which converts sequence data into a distance matrix. The test PermtestK uses the molecular variation to test if two sampled localities are genetically different (23 were used to determine the presence of subdivision in populations (22, 23) . The tests were performed on both whole and compatibleonly sequence data and the results were compared to identify possible recombination. PermtestK is powerful when sample sizes are small but it can be compromised when there are unequal sample sizes (23), whereas Hudson's S nn is powerful at all sample sizes and diversities (22) . A value of the S nn statistic close to 1 indicates high subpopulation differentiation and a value 0.5 indicates panmixia (22) .
RESULTS
Haplotype analysis and site compatibility of cDNA sequences. In total, 2,418 nucleotides from the N, NSm, and RdRp genomic regions of TSWV were amplified for each isolate and collapsed into haplotypes ( Table 2 ). The haplotype structure in each of the three loci consisted of 1 major haplotype, which contained the majority of isolates, and >100 minor haplotypes, frequently represented by a single isolate (singleton haplotype). In all, 150 haplotypes from 189 isolates were identified in the N gene, which had a haplotype diversity of 99.3%; 151 haplotypes from 190 isolates were identified in the NSm gene, which had a haplotype diversity of 99.7%; and 167 haplotypes from 183 isolates were identified in the RdRp gene, which had a haplotype diversity of 99.9%. The largest major haplotype for each locus contained 8.5, 6.8, and 2.2% of all isolates of the N, NSm, and RdRp gene sequences, respectively. The NSm gene had the highest percentage, 29.4%, of haplotypes that contained more than a single isolate and the RdRp gene had the lowest percentage, 14.7%. The RdRp gene had 156 singleton haplotypes while the N gene and NSm genes had 135 singleton haplotypes each.
The specific isolate composition of each haplotype differed for each locus, with one exception: the only haplotype that maintained its exact isolate composition across all three loci consisted of F22N7 and F40N7, two isolates from peanut cv. NC12C in Suffolk County, VA in 2007. Haplotypes that contained more than one isolate and a mixture of isolate characteristics, such as collection year and geographical area, were examined for patterns of association and frequency. The major haplotype for the N and NSm loci contained isolates from each year, geographic area, and several different cultivars. In contrast, the major haplotype for the RdRp locus contained only isolates that were sampled from symptomatic peanut plants in Bertie County in 2007. Further examination of the relevant minor haplotypes for each locus showed similar trends of diversity across isolate characteristics. Two of the minor haplotypes of the N locus and one minor haplotype of the NSm locus were collected in each collection year of the study. One haplotype of the N locus and two of the NSm locus were collected in each geographic area of the study. Three haplotypes of both the N and NSm loci were collected in at least three different cultivars during the study. In contrast, only one haplotype other than the major haplotype contained more than one cultivar or geographic area in the RdRp locus. All other haplotypes in all three loci that were not singletons were not distinguished by differences in year, geographic area, or cultivar.
The population statistics were determined for each locus and compared (Table 3) . Nucleotide diversity was variable among the loci. The distances for the N and NSm were similar at 6.907 and 6.806, respectively, while the RdRp locus had the highest average pairwise distance of 13.035; this also serves as an estimate of the population mutation rate, (54). Watterson's estimates of average were approximately five times higher than Tajima (Table  5) . For all loci, the calculated value of Hudson's S nn was close to 0.5 and not significant. Calculations of Wright's F ST for the N, NSm, and RdRp gene (a maximum value of 0.011 for both the N and NSm genes and 0.047 for the RdRp gene) indicated that the percentage of genetic differentiation accounting for the total amount of genetic variation did not exceed 4.7% in any comparison.
DISCUSSION
The objectives of this research were to characterize the genetic diversity and structure of TSWV sampled from a single crop in a local geographical area, and to determine whether global TSWV population diversity and structure reported previously (60) would be reflected in a population sampled on a smaller geographic scale. We found that the genetic diversity in the TSWV population from peanut in North Carolina and Virginia was lower and did not exhibit subdivision by geography compared with global populations of TSWV (60) . Additional analysis of N gene sequences from representative isolates in this and the global study also indicated that our isolates clustered within the "southeastern clade" previously identified by Tsompana et al. (60) , based on maximum parsimony and maximum likelihood analysis (data not shown). Our second objective was to investigate the evolutionary forces acting upon TSWV populations sampled from peanut in North Carolina and Virginia. We determined that mutation and purifying selection were the predominant evolutionary forces influencing the population structure of TSWV in peanut in North Carolina and Virginia but that there was also evidence for recombination, which was not found in global populations of TSWV (60) .
We also provide evidence that identical specific sequences of TSWV can be sampled repeatedly from season to season. In general, isolate composition for each haplotype was not restricted by geographic area, year, or cultivar of peanut. The major haplotypes for the N and NSm loci were found in each geographic area in each sampled field season and in Sampson County after sampling for only one season. This pattern suggests that there are sequence regions of the genome that persist in the environment from season to season which could be facilitated by the numerous secondary host reservoirs that are known for TSWV (40) and perpetuated by recombination between different virus strains. This finding has important implications for disease management and the development of TSWV field resistance in cultivated crops.
Our haplotype analysis measured the number of haplotypes, their frequency and diversity, and genetic distances within and between sequences (20) . According to Moury et al. (32) , these three parameters are required to accurately measure the genetic diversity of a viral population (32) . To calculate genetic distance, we used Tajima's calculations of s, the number of segregating sites, and , the average number of nucleotide differences (56) , because of a priori knowledge of the nonequilibrium state of the population (i.e., the occurrence of bottlenecks) (27, 28) . The most appropriate estimate of the population mutation rate, , for our data is Tajima's estimate, which is based on the average number of pairwise distances (54). Watterson's estimate of (64) is based upon the number of segregating sites, which is influenced by the size of the current population and can be inflated by the presence of numerous unique sequences (56), as is the case in our data: Watterson's estimates of were approximately five times greater than Tajima's estimate. This is supported by numerous recent mutations indicated in our data by significant values of the neutrality tests and frequent occurrence of singleton haplotypes. Our finding indicates that mutation is a significant effect in shaping the population structure of our TSWV.
The measures of haplotype diversity, Hd, can range from zero, meaning no diversity, to 1.000, which indicates high levels of haplotype diversity (37) . For all three loci examined, 1 major haplotype and >100 minor haplotypes were sampled from the population. For our data, Hd was 0.993 to 0.999, indicating very high levels of diversity for each locus. These levels were similar to those estimated for global populations, which were 0.857 to 1 (60) , which suggests that the particular host may not affect the haplotype diversity. In our data, the RdRp locus showed the most diversity, based on the number of haplotypes (e.g., 167 haplotypes from 183 isolates), their frequency in the population, and the estimates of genetic distance. Other studies of Tospovirus spp. have focused on the diversity of the N gene for strain identification (12, 14, 38, 39, 51, 72) or the NSs (11) but none have examined the RdRp region to measure its diversity. The RdRp functions as a polymerase in the infected plant cell (9) and, in our data, appears to be under the same amount of purifying selection as the N and NSm loci, based on data from the neutrality tests and values of , the dN/dS ratio. However, the RdRp gene may exhibit greater diversity because of the higher numbers of segregating sites associated with longer sequence reads, which increased the number of haplotypes when the data were collapsed. An interesting follow-up study would be to test whether the number of nucleotides examined influences haplotype diversity. These studies should also include noncoding regions of the TSWV genome to provide enhanced statistical analysis of the data (47).
We have provided evidence that the population of TSWV is panmictic across the coastal plain region of North Carolina and Virginia. We examined the data for the presence of subdivision in our study isolates through the use of Hudson's test statistics, PermtestK and S nn , and the index for Wright's F ST (66) . For our data, the value of the S nn statistic depended on the presence of conflict from incompatible sites in the data set. When analyzing data without incompatible sites, the S nn value was closer to 0.5, which indicated panmixia in the populations. In contrast, when incompatible sites were included in the analysis, the value was 0.6 to 0.9, which suggested that the conflict influenced the subdivision results (data not shown). Because of this disparity, we further estimated F ST as a measure of the genetic structure. In our analysis of data both with and without incompatible sites, the percentage of genetic differentiation accounting for the total amount of genetic variation was, at maximum, 15.4% (data not shown). Therefore, we concluded that the subdivision seen in our data was influenced by recombination heterogeneity occurring in geographic subpopulations and was not a function of subspecies divergence, as shown in global studies of TSWV (60) .
Estimates of the population summary statistics were similar in value across all loci, which possibly could be explained by the ecology of the virus population and sampling from a limited geographic area and a single host. The level of nucleotide diversity of the N gene sampled from our population is similar to other N gene studies with Cucurbit yellow stunting disorder virus (0.002) and Sweet potato chlorotic stunt virus (0.006) (20) . Nucleotide diversity calculations reported by Tsompana et al. (60) were higher for their sampled N (0.024) and NSm (0.030) genes of global populations of TSWV. This global collection would be expected to show higher diversity due to the wide range of sampling.
We showed that the population is experiencing strong purifying selection for each of the three genes, as has been shown in other TSWV studies (60) . To further examine evolutionary forces acting on the populations of TSWV, four neutrality test statistics (Tajima's D, Fu and Li's D* and F*, and Fu's F s ) were used in this study to examine the sequence data for departure from neutrality. All of the Tajima's D test statistics were significant and negative, which is a strong indication that each of the three loci are experiencing population bottlenecks, where the population is severely limited by some factor and only a few sequences compose the new population (55) . The biology of the thrips vector and its feeding habits could serve as a source of population bottlenecks, as could adaptation to a new host plant. Almost all D* and F* test statistics were significant and negative, which implies that background selection (18) , in which strong purifying selection suppresses variation in linked regions, and rapid population growth have both occurred. Also, the large significant negative values of Fu's F s suggest that both genetic hitchhiking, which can happen when linked alleles become more common through positive selection, and rapid population growth have occurred in the population. Fu's F s is also an indicator of the presence of recombination (18) , which is consistent with the results of the compatibility matrices and our conclusions from the subdivision testing. These results also support our conclusions of population growth from our examination of haplotype diversity and population summary statistics. However, the lack of population size constancy concluded from the neutrality tests and considerable intra-and interlocus rate heterogeneity prevented us from accurately estimating the magnitude of the exponential growth in our population.
As a further measure of selection, we calculated values for , a comparison of synonymous to nonsynonymous nucleotide substitution rates. This comparison detects and measures the selective pressure on encoded proteins. We used the counting method of Yang and Nielson (70) that is implemented in PAML, which takes into account the transition/transversion rate bias and the codon frequency bias while counting sites and differences (70) . This method of estimating the ratio has been shown to be the most reliable compared with other computations (69) . For our data, the calculation of the ratio for each gene was <1, which indicates strong purifying selection acting on each locus (70) , especially for the NSm gene. These results also support the conclusions from the neutrality tests of strong purifying selection acting on the loci. Although our calculated values of ratio for the N gene were lower than previous estimates of 0.221 published for TSWV (60) , this could indicate that there is increased selection in a more localized population than might be seen on a global scale. There are a number of elements of the biology and ecology of TSWV that could possibly account for strong purifying selection, such as population bottlenecking through vector transmission and host compatibility.
Limited positive selection was identified in individual codons in the N, Nsm, and RdRp genes of TSWV against a background of predominant purifying selection for the entire coding region. The nonsynonymous changes that indicated positive selection occurred in isolates of cvs. NC12C, Perry, Brantley, NC_V11, and Gregory collected primarily in 2007 at all field locations. This could suggest host-or geographic-associated selection pressure, because the mutation is common across all cultivars and areas of the study. Tsompana et al. (60) found positive selection at sites 10, 174, and 255 in the N gene across different hosts and geographies, which further supports the idea that the amino-acid change may be related to host-specific or geographic effects. However, Tsompana et al. (60) did not find any evidence of positive selection in the NSm gene, whereas we found that approximately half of our isolates contained an amino-acid change exhibiting positive selection. This suggests that positive selection pressure was greatest on this site of this gene, which may be due to the NSm protein's role in cell-to-cell movement or host range determination. Although Tsompana et al. (60) did not examine the RdRp gene for positive selection, we found a single site. This gene had two different nonsynonymous changes at the same site: from Q to R or K. It is interesting to note that the majority of the isolates exhibiting positive selection were collected from 2007. This may indicate that an environmental effect occurred during the 2007 field season, or an adaptation over time. Overall, these findings show that purifying selection is acting to preserve function of these genes, while positive selection may be working as the isolates adapt to environmental factors such as location and host.
Recombination in genetic data can violate assumptions of certain analyses, leading to distortion or misinterpretation of the results. For instance, if recombination is not addressed, it can negatively impact parameter estimation by overestimation and lead to incorrect inferences (3, 43) . Furthermore, an assumption of neutrality testing is that the data contain no recombination (18, 19, 55) , and recombination increases the power of Hudson's tests to detect subdivision (23) . Because of this, we investigated whether recombination was present in the peanut TSWV populations. Although compatibility methods lack power in detecting nonrecombining partitions in sequences with high mutation rates, they are more powerful than phylogenetic-based methods in detecting recombination (42) and we were able to detect recombination in all three of our genes by examining incompatibility among sites. Although it is currently unknown when in the TSWV infection cycle that recombination may take place, most recombination in viruses is assumed to occur during replication in the host (20) . The virus is transmitted by at least 10 species of thrips (41, 50, 65) in a persistent and circulative manner and it also replicates in its vector (61, 66) and secondary weed hosts (8, 10) . It has also been shown that TSWV can occupy plants at the same time as a closely related virus, Impatiens necrotic spot virus (21) , and that reassortment does occur in the TSWV genome (45, 46) . Because of its ecology, it appears that TSWV has numerous opportunities to exchange genetic information with other strains or other viruses. Therefore, further investigation of the occurrence and rate of recombination for this virus is critical to correctly infer phylogenetic relationships and estimate population summary statistics. Based on the results presented in this study, recombination appears to play a significant role in the evolution of the TSWV genome, and warrants a more comprehensive examination.
Future evolutionary studies should consider including other loci, such as the NSs, which has been shown to be a genesilencing protein (57) , and G1/G2, which have both been shown to interact with thrips vector gut cells (35) . Examining these genes under a similar sampling strategy could further elucidate important epidemiological patterns of the disease. It will also be critical to maintain a frequent collection of TSWV in the same localized areas to examine the range of evolutionary rates of heterochronous data in a single host, as has been done for other RNA plant viruses such as Rice yellow mottle virus (16, 17) .
This study has shown that TSWV is a highly adaptable, expanding virus that plays an important role in commercial agriculture. Mutation generates diverse local populations of virus, creating a large pool of mutants from which new, stronger isolates can emerge. Recombination also appears to play a role in the evolution of this virus, and should be examined in more detail. By understanding the molecular population dynamics of TSWV, thrips, and their hosts, we can design better ways to control or prevent outbreaks, lessen the effects of resistance breaking, and ease the economic consequences of TSWV.
